Bacteriophage T4 serine and proline transfer RNAs are derived from a common precursor RNA. This precursor RNA lacks -C-C-A sequences which could provide 3' termini for the mature transfer RNAs. We have deduced part of the pathway leading to the formation of the -C-C-A sequences in the transfer RNAs by characterizing incompletely matured precursor molecules which accumulate during infection of mutant hosts that lack specific enzymes associated with transfer RNA metabolism. Maturation is initiated by the addition of -C-C-AoH to the 3' terminus of the precursor RNA through the combined action of an unidentified nuclease and tRNA nucleotidyltransferase (EC 2.7.7.25). Precursor RNA molecules terminating in -C-C-AOH are then cleaved by ribonuclease P to yield two transfer RNA-size products. The product derived from the 3' end of the precursor RNA and terminating in -C-C-AOH is serine transfer RNA, and the second product is immature proline transfer RNA. The terminal steps leading to proline transfer RNA have not been fully delineated, but are known to involve the replacement of a -C-UoH sequence by -C-C-AoH. The discovery that transfer RNAs (tRNAs) are synthesized via larger precursor molecules has raised the question of how precursors are converted into mature tRNAs. Of special interest are the identities of the processing enzymes and the nucleotide sequences of precursors and precursor intermediates. An appreciation of these details should provide valuable information regarding the specificity of RNA-protein interactions. In particular, one would like to understand how an RNA precursor molecule is enzymatically recognized and handled so that its accurate conversion into tRNA is guaranteed.
a -C-UoH sequence by -C-C-AoH. The discovery that transfer RNAs (tRNAs) are synthesized via larger precursor molecules has raised the question of how precursors are converted into mature tRNAs. Of special interest are the identities of the processing enzymes and the nucleotide sequences of precursors and precursor intermediates. An appreciation of these details should provide valuable information regarding the specificity of RNA-protein interactions. In particular, one would like to understand how an RNA precursor molecule is enzymatically recognized and handled so that its accurate conversion into tRNA is guaranteed.
We have recently reported the nucleotide sequence of a precursor to bacteriophage T4 serine and proline tRNAs (1) . The nucleotide sequences of the mature tRNAs were also reported (1) . A comparison of the precursor with the mature tRNAs suffices to identify several events that occur during precursor maturation. Two size reductions of the precursor are necessary, one to separate the two tRNA sequences and the other to remove nucleotide residues that are extraneous to the mature tRNAs. Addition of nucleotides onto the precursor is also required, since the precursor lacks the 3' CCAOH nucleotides of the mature tRNAs. Because many permutations for the stepwise order of these reactions are possible, the actual pathway must be determined experimentally. While the enzymes that participate in these reactions have not been identified, circumstantial evidence has pointed to the involvement of at least two host enzymes, ribonuclease P (RNase P) to separate the two tRNA sequences (1) and tRNA nucleotidyltransferase (EC 2.7.7.25) for the addition of CCAoH (1, 2) .
The present experiments were undertaken to determine the order of steps associated with the conversion of the serine-1491 proline precursor into mature tRNAs and to obtain more direct evidence for the identities of the participating enzymes. We report that T4 infection of mutant hosts lacking either RNase P or tRNA nucleotidyltransferase resulted in an accumulation of precursor at the expense of the mature tRNAs. Furthermore, the accumulated precursors acquired a new sequence of nucleotides at the 3' terminus that was specific to each mutant host. Determination of the nucleotide sequences in the partially processed precursors, together with a knowledge of the enzyme deficiencies associated with their production, has permitted us to deduce three steps in the pathway by which precursor is converted into the mature tRNAs.
MATERIALS AND METHODS
Bacteriophage Strains. T4 strain eG192 has been described previously (3); it bears a deletion mutation which spans a region of the genetic map which includes the entire lysozyme gene and all known tRNA structural genes. T2L was obtained from the collection of S. Brenner. Strain eGi9-h22 +was constructed by crossing eG192 and T2L; the recombinant was identified as a lysozyme-defective strain capable of growing on Escherichia coli strain B/4, but not on E. coli strain B/2. T4 strain psu2+-R1-eL3 has been described (4) . Strain p8u2+-R1-eL3-h2+ was constructed by crossing pSU2+-R1-eL3 and eGI92-h2+. The recombinant was identified as a strain carrying the h2+ allele (see above) and the eLS lysozyme ochre mutation; since the wild-type alleles of the pSU2+ and Rl markers are deleted by eG192, these mutant markers are coinherited with eLS. (Consult refs. 3 and 4 for a description of genetic methods.) Two markers in strain psu2+-R1-eL3-h2+ are particularly relevant to the present experiments. The h2+ allele allows more rapid phage adsorption than h4+ to E. coli strains A49 and KL14 this property is important for efficient shut-off of host RNA synthesis in 32P-labeling experiments. The R1 marker prevents synthesis of mature leucine tRNA (4) , and thereby allowed us to detect an abnormal species of serine tRNA (designated band X2 in Fig. 1 ) that migrated in the 10% polyacrylamide gel near the usual position of leucine tRNA. For simplicity, strain psu2+-R1-eL3-h2+ will be referred to subsequently as T4.
E. coli Strains. Wild-type B/5 has been described (3). Strains B/2 and B/4, resistant to phages T2L and T4, respectively, were obtained from the collection of S. Brenner.
Strain A49, the RNase P-host, was generously provided by P. Schedl (5) . KL14 cca-and KL14, which is cca+, have been described; other markers carried by these Hfr strains are rel-i and thi-i (6 figure. The positions in the gel of the serine-proline precursor RNA and mature species of serine and glycine tRNAs are indicated (7) . The prominent band migrating just slower than glycine tRNA contains mature proline tRNA and several other tRNA species; these can be purified by further electrophoresis on a 20% polyacrylamide gel (7) . Bands X1 (lane c) and X2 (lane b) are immature species of serine tRNA (see text). Although it is not obvious in the photograph, the wildtype profile in lane a contained the usual high yield (7) of a band in the position of the serine-proline precursor RNA (it gave a fingerprint identical to that shown in the left panel of Fig. 2 ). The high contrast of the photograph is necessary to permit visualization of band X2. The RI mutation of the infecting bacteriophage strain prevented the appearance of leucine tRNA (4) , which otherwise would have obscured band X2 (see Materials and Methods).
infected at time 0 with phage at a multiplicity of 15 phage/cell (cell survival <1%); more phage at the same multiplicity was added at 5 min to cause lysis inhibition. 5 mCi of [a2P]orthophosphate was incorporated from 9 to 70 min (at 420 with host strain A49, and at 370 for all other host strains), after which time labeled RNA was purified by phenol extraction, DNase treatment and DEAE-cellulose column chromatography. Finally, the entire sample was electrophoresed on a slab of 10% polyacrylamide gel. The serine-proline precursor RNA and serine tRNA migrated as individual species. However, proline tRNA migrated with several other RNA species; these were resolved by a second step of electrophoresis on a slab of 20% polyacrylamide gel. The purity of an RNA sample is generally improved by subjecting it to two steps of electrophoretic fractionation, i.e., electrophoresis in a 10%, then 20% polyacrylamide gel. Thus, all RNA samples for nucleotide sequence analysis were purified by two successive steps of electrophoresis. Detailed procedures are given elsewhere (3, 7) .
RNA Sequence Analysis. Two-dimensional fingerprints of the oligonucleotides formed by digestion with ribonuclease A and ribonuclease T, were prepared by the methods of Sanger and his colleagues (8, 9) . The identity of oligonucleotides observed in a fingerprint was confirmed by digesting them further with ribonucleases T1 or A, followed by electrophoretic fractionation of the products on DEAE paper at pH 3.5 or in 7% formic acid. Sequence determination of 3' terminal ribonuclease T1 oligonucleotides involved digesting them separately with ribonuclease A, ribonuclease T2, and venom phosphodiesterase; the ribonuclease A and ribonuclease T2 digests were fractionated by electrophoresis on DEAE paper at pH 3.5, while venom phosphodiesterase digests and portions of the ribonuclease T2 digests were fractionated by two-dimensional thin-layer chromatography (9) .
Stability of RNAs to In Vitro Incubation in a Cell-Free Extract. RNA that had been eluted from a 10% polyacrylamide gel was incubated in buffer containing a cell-free extract prepared from KL14 cca-cells. The legend of Fig. 2 in Guthrie et al. (10) describes the composition of the buffer. Incubation was at 370 for 2 hr. The reaction was terminated by adding phenol, and, after ethanol precipitation of the RNA, the products were analyzed by electrophoresis in a 10% polyacrylamide gel.
RESULTS
The low-molecular-weight RNA synthesized by E. coli upon infection with bacteriophage T4 can be resolved into eight components by electrophoresis on a gel of 10% polyacrylamide (7) . The slowest moving of these molecular species is the precursor to two bacteriophage T4 tRNAs which recognize serine and proline (7, 10) . Fig. 1 shows three 10% polyacrylamide gel profiles produced by T4 infection of the following host strains: wild-type in lane a, a tRNA nucleotidyltransferasedeficient mutant (cca-) in lane b, and a RNase P-deficient mutant (RNase P-) in lane c. Although many differences in banding patterns are observed in these gels, only two are directly related to the biosynthesis of serine and proline tRNAs. Relative to the wild-type profile, the mutant hosts show a dramatic accumulation of label in the position of the serine-proline precursor RNA; nucleotide sequence analyses reported below show these to be essentially homogeneous molecular species of precursor RNA. The mutant hosts are also characterized by the complete absence of label in serine tRNA. Furthermore, subsequent electrophoresis of the samples on a 20% polyacrylamide gel to purify proline tRNA (7) revealed that it too was absent in the gel profiles of both mutant hosts (these profiles are not shown).
The absence of mature serine and proline tRNAs in the mutant hosts is completely consistent with the simultaneous accumulation of precursor RNA. The mutant hosts thus appear to be blocked at a biosynthetic step prior to the endonucleolytic cleavage event that separates the tRNA species. To allow a greater confidence in this conclusion, the mutant preparations were examined for immature species of serine or proline tRNA that might have migrated in an unusual position in the polyacrylamide gel. Every distinct band in the 10% and 20% gels was subjected to fingerprint analysis. These operations revealed the existence of two lightly-labeled bands, designated X1 (lane c) and X2 (lane b) in Fig. 1 , which were immature species of serine tRNA with defective termini. Several lines of evidence presented later indicate that these RNA species are not intermediates in the conversion of precursor into mature tRNAs.
The observation that precursor molecules isolated from both mutant hosts had normal gel mobilities (Fig. 1 that the nucleotide chain lengths had not been appreciably altered. To ascertain if subtle changes had occurred, the precursor RNAs were subjected to nucleotide sequence analysis. The nucleotide sequence of the precursor isolated from wildtype cells has been reported (1). Fig. 2 shows two-dimensional fingerprints of the ribonuclease T1 oligonucleotides of precursor molecules prepared from wild-type and from the two mutant hosts. The oligonucleotide patterns in the three fingerprints are remarkably similar, although specific differences are apparent in the oligonucleotides that are derived from the 3' termini of the precursor molecules. Fig. 2 shows the positions and nucleotide sequences of 3' oligonucleotides (i.e., ones terminating with a hydroxyl group); the position of the 5' oligonucleotide (i.e., beginning with a phosphate group) is designated by the letter a. Oligonucleotides which occupied similar positions in the fingerprints were judged to be identical by a comparison of products generated following ribonuclease A digestion and secondly, the content of modified nucleotides; Materials and Methods describes how these analyses were performed. The three precursor preparations were fully modified except for the 2'-O-methyl G residue of the serine tRNA. Two-dimensional homochromatography (8) provided confirmatory evidence for the identity in the three precursor preparations of the unusually long digestion product derived from the 5' terminus, pUUUAAUUUACUCCG; the position of this oligonucleotide in the two-dimensional homochromatograms would have been altered by a change in either chain length or composition. In summary, we conclude that precursor molecules isolated from wild-type and both mutant hosts are identical in nucleotide sequence except at the 3' terminus. Table 1 gives the nucleotide sequences and molar yields of the ribonuclease T, products derived from the 3' termini of the various precursor molecules. As previously reported (1), the predominant products in the RNA isolated from wild-type cells were UAAOH and UAOH. We do not know if this sequence heterogeneity arose during or after transcription. Precursor RNAs from both mutant hosts displayed a more heterogeneous collection of 3' terminal oligonucleotides; although UAAOH and UAOH were present, so were other 3' end groups. In the precursor RNAs prepared from the cca-host, a large fraction of the molecules terminated in CCUCCGoH. Since the only source of oligonucleotide CCUCCG is at the 3' terminus of the precursor (1) (see Fig. 3 , top panel), we conclude that precursor molecules terminating in CCUCCGoH arose through the specific nucleolytic removal of UAAOH and UAOH, thereby exposing the adjacent CCUCCG residues. The accumulation by the cca-host of precursor RNAs terminating in CCU-CCGOH indicates that further maturation is dependent on the synthesis of CCAOH by tRNA nucleotidyltransferase. The RNase P-host gave precursor molecules terminating primarily in CCAOH. We surmise that these RNAs were generated from the precursor molecule through the combined action of the specific nuclease and tRNA nucleotidyltransferase, and that RNase P normally catalyzes the next step in precursor maturation. Precursor RNAs from the three hosts were also fingerprinted after digestion with ribonuclease A. These analyses are (1) , and because it is completely resolved from other oligonucleotides in the fingerprint (spot c in Fig. 2 in complete agreement with the nucleotide sequences derived above and shown in Fig. 3 .
The results of the present analyses permit us to deduce three steps in the conversion of precursor into serine and proline tRNAs (Fig. 3) . The maturation of serine tRNA is complete, except for modification of 2'-O-methyl G. We suspect that formation of this modified residue represents the terminal maturation step, since precursor which accumulated in the absence of RNase P had not been modified. Maturation of "immature proline tRNA" shown at the bottom of Fig. 3 proceeds by a series of uncharacterized steps that include processing at both ends of the molecule, with the replacement of ACUOH by ACCAOH at the 3' terminus.
The observation that immature species of serine tRNA are synthesized in the mutant hosts (bands X1 and X2 in Fig. 1 ) cannot be explained within the framework of the synthetic steps shown in Fig. 3 . However, several lines of evidence indicate that these RNAs are not normal biosynthetic intermediates. Neither band was observed in wild-type cells, and in the mutant cells they were only barely detectable (Fig. 1) . Furthermore, on the basis of stability measurements, the amount of label in band X2 appears to be a reflection of the amount that was synthesized. The stability of band X2 in the cca-strain was examined by incubating the RNA in a ccacell-free extract. Polyacrylamide gel electrophoresis of the products gave a single band, in high yield, that migrated in the X2 position. We suspect that band X1 is also stable, although this has not been tested as with band X2. Supportive evidence for the metabolic stability of bands Xl and X2 is provided by their labeling properties; while bands X1 and X2 were observed after prolonged labelings (61 min), they were not observed when infected cells were exposed to label briefly (12 min). The appearance of bands X1 and X2 after prolonged labelings like those shown in Fig. 1 presumably results from continuous synthesis and accumulation.
Nucleotide sequence analysis of bands X1 and X2 showed that they contained a normal level of the modified nucleotides that are characteristic of serine tRNA, except for the absence of 2'-O-methyl G. Band X1 contained a normal 3' terminus (CCAOH), but the 5' terminus contained three extra residues (ACU). The extra residues could have been derived from the precursor by inaccurate cleavage (see Fig. 3 for the location of ACU relative to the 5' terminus of serine tRNA). Band X2, in contrast, contained a normal 5' terminus, but CCUCCGoH was the 3' terminus. This result indicates that band X2 could have been produced by precursor cleavage. It is also possible that bands X1 and X2 were primary transcripts, but this seems less likely. Regardless of the synthetic origins of bands Xl and X2, the properties enumerated in the previous paragraph indicate that they are not of major significance in the production of mature tRNA. 
DISCUSSION
A classical approach for elucidating the order of steps in a biosynthetic pathway involves the use of mutants whose defects in specific enzymes result in the accumulation of metabolic intermediates. We have employed this strategy to order the steps by which a tRNA precursor coded by bacteriophage T4 is converted into serine and proline tRNAs (Fig. 3) . The most conspicuous feature of the pathway shown in Fig. 3 is that tailoring at one end of the precursor molecule is a prerequisite to the endonucleolytic cleavage which separates the two tRNA species. As will be discussed below, the proposed functions of the identified enzymes are compatible with their known specificities. What has not been excluded by these in vivo studies, however, is the possibility that additional enzymes are required to promote the indicated reactions. This uncertainty should be resolved by an in vitro reconstruction of the pathway using purified enzymes and precursor intermediates, and these studies are currently underway. We wish to emphasize that even in the absence of an in vitro analysis, there is little possibility that our principal findings are in error.
Numerous studies have demonstrated the in vitro capacity of tRNA nucleotidyltransferase to synthesize CCAOH residues onto 3' termini of defective tRNAs lacking these residues (11) . This behavior of the enzyme is believed to reflect its physiological function, since growing cells contain tRNAs with defective 3' termini (11) . The results presented here demonstrate that tRNA nucleotidyltransferase participates in the biosynthesis of tRNAs. Although it seems likely that the enzyme participates in other cellular reactions, these have not yet been experimentally demonstrated.
The function of RNase P in the biosynthesis of E. coli tyrosine tRNA has been rigorously demonstrated. Ribonuclease P cleaves the precursor to tyrosine tRNA at a specific residue, thereby generating the 5' terminus of the mature tRNA (12) . Guthrie has demonstrated a similar function of RNase P in the processing of a precursor to bacteriophage T4 glutamine and leucine tRNAs. She has shown that the glutamine-leucine precursor accumulates following infection of cells that lack RNase P activity, and that such precursor molecules are cleaved at two positions by purified RNase P to generate the 5' termini of glutamine and leucine tRNAs (13) . Fig. 3 shows that RNase P cleaves the serine-proline precursor once to yield the 5' terminus of serine tRNA. Results of unpublished experiments indicate that RNase P also cleaves the precursor a second time to generate the 5' terminus of proline tRNA (Francis J. Schmidt and W.H.M., unpublished observation). This second RNase P cleavage must also depend on the prior addition of 3' CCAOH residues to the serine-proline precursor, since precursors that accumulated in the absence of tRNA nucleotidyltransferase were not cleaved (see Results). What remains to be established is the sequential order of the second RNase P cleavage with respect to the replacement of ACUOH by ACCAOH in immature proline tRNA (Fig. 3) .
The conversion of precursor into serine and proline tRNAs in wild-type cells is not complete, and typically results in substantial precursor accumulation (7, 10) . This behavior warrants further consideration, as other precursors, such as the one to T4 glutamine and leucine tRNAs (10) The results presented here allow the identification of specific nucleotide residues in the serine-proline precursor that are essential for a productive interaction with RNase P. Precursor molecules terminating in GUAAOH, GUAOH, and GOH accumulated in cells that contained RNase P, whereas precursors terminating in GCCAoH did not accumulate. These observations point to the ability of RNase P to distinguish between potential precursor substrates according to their 3' terminal residues. A possible understanding of how terminal residues can influence the reactivity of the central region of the precursor is provided by the secondary structure of the molecule that is proposed in the top panel of Fig. 3 . The diagram shows that the terminal and central portions of the precursor are in close proximity, thereby allowing a single RNase P molecule to interact with them simultaneously. It is anticipated that analysis of mutationally altered precursor molecules (14) now in progress will provide a more comprehensive understanding of the molecular principals involved in the recognition and handling of the serine-proline precursor molecule by RNase P.
Some of the ideas reported above originated with Dr. Francis J. Schmidt of this laboratory. We thank Dr. Schmidt for providing us with critical information from his in vitro experiments on tRNA biosynthesis,and for assistance in preparation of the man-
